ABSTRACT
access and to become a strong competitor for other cable-based communication systems like xDSL [2] and cable networks that have been around for a while, or it will target exclusively the in-home networking market.
The powerline channel used for wideband transmission has been under extensive study during the last years. Research in the scientific community worldwide covers topics as: the study of the grid structure in the different parts of the world [3] , measurements and modeling of the communications channel, transmission, modulation and coding techniques [4] [5] [6] , study of access techniques and networking issues on the grid [7] , development of appropriate tools for deploying simulations of various multimedia services [8] , etc. Specifically in the field of measurements and channel modeling, research is split into two broad categories, the first one covering the study of the grid in the public areas [9] , while the second is focusing on the inhouse grid [10] [11] [12] , attempting for an effective implementation of modems and prototypes. As a result of the excessive trials on channel modeling one can find in the literature several channel models due to the peculiarities of the communication channel. Since each link exhibits its proprietary unique profile, due to individual network structure, dominant effects of signal propagation and an individual noise spectrum, the links can be assigned to groups depending on the length, type of cable, number of branches, the structure of the specific national grid, the split-phase systems, etc. On top of the physical variation we can consider the obstacles this channel imposes; high levels of interference and attenuation, impulsive noise, multipath fading and fluctuating impedance are the main problems existing in the in-house grid but their effect is even more intense over the powerline last mile. There is, however, a lack of a widely accepted channel model. Among the several models proposed in the literature we have selected an appropriate one for our study as explained in the following chapter taking into consideration published as well as our own measurements [2] , in order to have a good insight into the variations of the channel.
One of the main problems seems to be the maximum power, which will be allowed for transmission over the channel. Such constraints arise in order to limit electromagnetic radiation emitting from power lines due to the length of the cables and the lack of shielding which would result in interference for short and medium wave radio. Recent standardization activities treat this problem of EMC and pose strict guidelines for the power and transmission schemes on the grid [13] but this topic of standardization is still open and careful studies on possible transmission techniques are needed in order to help the decision procedures for future standards.
Anyway, these power restrictions hinder any attempt to fight back against the already unfriendly medium, described above.
Despite these difficulties several communication techniques have been suggested for application on the powerline channel and there is a good list of references in relevant Conferences and Journals. For a successful modem design the object is to define a desirable modulation scheme that provides low bit error rates at low received SNR that performs well in multipath and fading conditions, occupies an affordable bandwidth, and it is easy and cost effective to be implemented. Simple ASK and FSK techniques are not sufficient for modern applications. M-ary non-coherent FSK and m-ary DPSK are considered more suitable, especially for narrowband applications. Spread Spectrum schemes, MSK modulation and multicarrier techniques are proposed. Generally the study of the medium voltage is easier since the use of that part of the grid is appropriate for broadband applications and in our days it is being transformed into a high quality fiber network. The study of low voltage network is the open and challenging question in the current research community. Frequency hopping [14] / M-ary multilevel FSK [15] system has also been studied aiming at relatively low-bitrate applications. MMFSK modulations were originally designed to cope with the interchannel tone disturbances in a multiple access mobile system and are now considered suitable for Power Line Communications because of their robustness to impulsive noise disturbances [16] .
Code Division Multiple Access (CDMA) mainly in the form of Direct Sequence CDMA has already been examined thoroughly [17] for low and medium voltages, for different categories of services. Besides, comparisons between CDMA and Orthogonal Frequency Division Multiplexing (OFDM) applied on the medium voltage power grid [18] , among OFDM, Single Carrier, and Spread Spectrum for high data rate PLC [4, 19] , and between OFDM and Direct Sequence Spread Spectrum (DS/SS) for power line data transmission [20] have been carried out as well. Furthermore, a lot of research has been performed [6, 21] comparing multiuser CDMA techniques (DS-CDMA, MT-CDMA and MC-CDMA); although this work does not refer to powerline communications, it provides a clear view of the advantages of the MC-CDMA over the other two multi-user CDMA schemes, as regards the BER performance, especially for a large number of users. Results on the performance of these techniques and useful guidance for selecting the most appropriate technique for any examined application are found in the literature helping the network designer to optimize his/her application at a considerable degree of confidence.
Multicarrier transmission seems to be the most promising modulation scheme for powerline communications [4] , called forth to counter the frequency-selective features of the channel as well as the non-gaussian behaviour of the noise. Discrete Multi-Tone has also been suggested [5] to improve the power distribution aim for a better overall performance, using adaptive loading to cope with the frequency-dependent nature of the channel, a common feature with PSTNs, where DMT has been employed as part of the ADSL system.
Moreover, advanced coding techniques should be realized in such a system, using processing power to provide coding gain and, in turn, reduce the required power to achieve the same BER. Reed-Solomon codes, repetition coding, block coding are different forward error correction techniques proposed for applications currently. Convolutionally coded PSK -OFDM with IO-NMLSE decoding [22] is one proposal for improving the performance of the system. Turbo coding is a fairly new coding technique, which has not been tested yet on a grid like power line, and its contribution to our system is going to be examined. The Turbo coding technique was introduced in 1993 [23] , producing exceptional coding gain results in Rayleigh fading and AWGN channels [24] . In the version used in this work Turbo coding is employed, comprising two concatenated convolutional codes.
In this work the characteristics of a powerline in-house network are simulated in order to measure the efficiency of an OFDM and an MC-CDMA system described in more detail below. This study examines the effects that coding and interleaving bring about in an attempt to reduce the required power while maintaining the same overall performance.
One of the most important reasons to employ OFDM is the efficient way it deals with multipath delay spread. By dividing the input data stream in N s subcarriers, the symbol duration increases N s times, which reduces the relative multipath delay spread, relative to the symbol time, by the same factor. To eliminate intersymbol interference almost completely, a guard time prefix greater than the maximum delay spread is introduced in each OFDM symbol. In the guard time the OFDM symbol is cyclically extended to avoid intercarrier interference. This scheme is also easy to implement by using modern DSP processors capable of utilizing the FFT algorithm which is commonly used to form the OFDM symbol.
The MC-CDMA scheme is similar to that of a normal OFDM scheme. The main difference is that the former one transmits the same symbol in parallel through many subcarriers, whereas the latter transmits different symbols. All the carriers in total are N=P . K mc , where P is the number of the primary carriers and K mc is the number of the subcarriers. At the receiver a combining scheme takes place, to decide which symbol was transmitted; this scheme can be Orthogonality Restoring Combining, Equal Gain Combining, Maximal Ratio Combining or Minimum Mean Square Error Combining, according to [6] . Note, that when setting K mc to 1, the modulation scheme becomes the same as OFDM with P carriers. So the MC-CDMA system can be considered as a combination of an OFDM scheme and a CDMA one. The major advantage of the MC-CDMA is that since it can lower the symbol rate in each subcarrier, longer symbol duration is created, so it makes it easier to quasisynchronize the transmissions, as well as to have more tolerance in fading channels. Furthermore, MC-CDMA does not require a RAKE receiver for optimal reception due to its inherent frequency diversity which is taken advantage of in the combiner.
The outline of this paper is as follows. In Section II, the channel model of the simulation is analyzed. The system structure and analysis is described in section III. The performance evaluation of the system and extensive simulations results are depicted in Section IV. Section V concludes this paper and presents the final remarks. Indoor and outdoor powerline channel attenuation has been examined in [9] considering the lower part of the spectrum. These reports show that an attenuation level of 40-100 dB/Km of distance can be expected but it has a strong frequency dependence thus leading a frequencyselective channel behavior.
II. CHANNEL MODEL
Noise on power lines is also varying with frequency, location and time. It exhibits a decaying spectrum with increasing frequency. This behavior was investigated and it was found that the background noise spectrum decays by about 29 dB / decade from 10 KHz to 100 MHz.
Another major source of noise is impulsive noise caused by unpredictable switching operations which lead to noise bursts of various durations and levels. Less than 1% of these noise impulses has a duration of 500μsec and 0.2% exceeds 1 msec [26] while their level is around 40-50 dB above the background noise level. Furthermore, there is noise synchronous to the mains frequency caused by rectifiers and also narrowband noise dependent on location and time, basically due to short and medium wave radio stations. 
where N is the total number of paths, |ρ ν | and φ ν are the amplitude and the phase of the attenuation factor respectively, and τ ν is the delay time of the signal received by the ν th path. It can clearly be seen that for each path a set of only three parameters has to be defined. Hence, the entire model with N paths is completely defined by 3*N parameters. These parameters (5-path impulse response) provided by the channel model, are focalized on table 1 keeping them constant throughout the entire simulation.
Though, channel models show some similarities as far the approach used is concerned (even though their results may differ), there is great differentiation regarding the noise model that should depict the actual powerline noise. We can distinguish proposals for background noise and impulse noise, the Middleton model [31] being the most applied one for broadband power line systems, when having impulsive noise. There are also models based mainly on measurements [30] a fact which reinforces the notion that impulsive noise cannot really be modeled in a unique way [32] . Background noise is mainly represented as filtered white
Gaussian noise [28] , despite the fact that its statistical distribution is almost Gaussian [30] .
Narrowband noise is usually represented by cosines in the frequencies where narrowband interference was observed. Again, models usually depend on measurements and these measurements cannot be global since noise amplitude shows a great fluctuation at different time intervals and may even change when measured at different outlets. The simple noise model described in [28] is utilized to represent background and narrowband noise, which are the main types of noise on power lines; impulsive noise has been left out since its behaviour cannot be accurately predicted due to the fact that it relies heavily on impulsive noise sources connected to the system or near it. The noise model is based on sources of White Gaussian noise, which are defined separately for M adjacent, non-overlapping frequency bands. Each segment is defined by its bandwidth and its noise amplitude. Due to this fact, the noise amplitude is set through M linear filters by means of a multiplication with a constant factor, for each path. The distribution of the amplitudes of the summation of the M filter outputs is a Gaussian distribution as well, because only linear operations are carried out. In the noise model applied in this work, 5 segments are used (M=5).
III. SYSTEM STRUCTURE AND ANALYSIS
The general layout of the simulated system can be seen below in figure 2 ; it represents an OFDM and an MC-CDMA model. The baseband signal to be transmitted in each case can be expressed as:
for the OFDM scheme, where d i are the incoming to the OFDM block information data, N s is the number of subcarriers, and T the symbol duration.
And for the MC-CDMA scheme:
where j refers to the j th transmitting user, α j,p (i) is the input information sequence after being converted to P parallel data sequences, d j (m) is the spreading code with length K MC , T s ′ is the
T s ), T s is the subcarrier symbol duration, Δf ′ is the minimum subcarrier separation (Δf ′ = 1/(T s ′-Δ)), Δ is the guard interval inserted between symbols to avoid intersymbol interference caused by multipath fading, and p s (t) is the rectangular symbol pulse waveform defined as
In the OFDM scheme the signal is modulated through N s =512 carriers; whereas in the MC-CDMA scheme the signal uses P=128 primary carriers, and K mc =4 subcarriers (512 carriers in total), equally spaced throughout the measured frequency range (1-30MHz). A different spreading length is also tested; K mc =16 subcarriers (spreading length 16) and P=32 primary carriers in order to confirm the gain provided by spreading. A single-user case is considered so that the focus lies on the efficiency of the scheme to counter the channel properties, not interference caused by other users. Also, multi-user scenarios with various numbers of users are assumed, to examine the efficiency of the system in a more realistic environment.
The modulation schemes under test are the commonly used Binary Phase Shift Keying with high levels of noise [33] .
In the case of Turbo codes [24, [34] [35] , the information data is encoded twice using two
Recursive Systematic Convolutional (RSC) encoders, one of which receives an interleaved version of the original data, thus making the two sequences almost statistically independent of each other. Only the parity bits are used in conjunction with the original data sequence.
Moreover, the parity sequences can be punctured in order to increase the coding rate. The decoding procedure is more complex; two RSC decoders are used with soft-input and softoutput decoding algorithms. There are three main algorithms on which the decoding procedure is based, namely, Log-MAP (Maximum A Posteriori) [36] , Max-Log-MAP, and SOVA (Soft Output Viterbi Algorithm) [37] . The Turbo decoder operates in an iterative process, with each RSC decoder producing a soft output-estimation of the information data and an extrinsic output which provides information about the surrounding bits. After the first iteration the extrinsic data are fed to the decoders in the form of feedback in order to achieve a better estimation of the information data. As a result, every iteration improves the overall BER performance although this gain is gradually reduced after 8 or more iterations. It is obvious that the number of iterations is a tradeoff between performance and implementation complexity.
The parameters chosen for the implementation of the Turbo coding in our system are centralized in the following: two Convolutional codes (2,1) using generator polynomials [171, 133] . Also, the decoding scheme is based on the Log-MAP algorithm, using 8 iterations.
The parity bits are punctured, so that the coding rate becomes 1/2.
Finally, it should be mentioned that perfect channel estimation is assumed at the receiver. In the real-world scenario of imperfect channel estimation, system performance would generally deteriorate; QAM modulation suffers more from this hindrance because amplitude level fluctuations directly affect the detector, leading to very poor performance results. BPSK can deal with this issue more efficiently, making use of the guard interval. However, if the guard interval is less than the maximum delay spread, system performance drops sharply. The channel combiner at the receiver employs Maximal Ratio Combining (MRC), except for the case of 16-QAM and whenever Turbo coding is applied, where the system uses Orthogonal
Restoring Combining (ORC). This is due to the fact that MRC does not restore the signal to the original level, which can have detrimental effects on multi-level modulation schemes, such as QAM, because the decision boundaries used in the detector would not be correct any more. The same notion applies for the Turbo-coded cases where the soft-decoding procedure requires the original signal level. Despite that fact, MRC was chosen for the rest of the cases because it outperforms ORC.
To sum up, the OFDM -BPSK system can provide a gross throughput of 29Mbps minus the amount of bandwidth used for the guard time interval, which is one quarter of the transmitted bits. This overhead lessens throughput by about 20% which equals to 23. subcarriers and convolutional encoding rate 1/3. However, if more than one user is considered the cumulative bit rate is augmented by the number of users occupying the system; that is for 4 users in the 16-subcarrier MC-CDMA system total rate is equal to the 4-subcarrier MC-CDMA system, while in the 16-user scenario the system has the same bit rate as OFDM. This comparison is going to be carried out in the following section.
Apart from BPSK it is quite obvious that the application of QPSK modulation can double throughput and 16-QAM can quadruple it although performance in terms of Bit Error Rate is undermined.
IV. PERFORMANCE EVALUATION AND RESULTS
For the performance evaluation of the proposed system, a code has been developed in The last scenario (figure 7) which considers 16 users in the system is quite different.
When uncoded data is used the BER is reduced very slowly after the SNR threshold of 10 dB.
The number of users here is quite large and multi-user interference seems to prevail against the channel properties. The application of coding, however, overcomes this problem, though it is evident that more than 10 extra dB are required to achieve the same BER. This scheme is throughput-equivalent to OFDM and this time apart from the uncoded case it is apparent that results do not present major differences. . Golay code is slightly less beneficial compared to the MC-CDMA system with spreading length 4 and to the OFDM scheme. In addition, Convolutional code reaches a BER of 2 .
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-6 at about -1.5dB.
The 4-user scenario examined in figure 11 is analogous to the latter one, with obviously worse results, for all the applied coding techniques, as expected due to the multiplicity of the users. Interleaving appears to offer minor improvements to the coded curves compared to the single-user figure. Again, these results are generally better than the ones provided by the 4-carrier single user MC-CDMA, a system with the same throughput.
As regards the 16-user scenario, presented in figure 12 , all the results are even worse, and the uncoded curve cannot reach a low BER; this sort of behavior is parallel to the BPSK figure. Comparing OFDM and the case that 16 users are loaded on the 16-subcarrier MC-CDMA system, results that the former is slightly better than the latter, at about 2-4dB for all the curves, with the exclusion of the uncoded case, of course.
In the case of 16-QAM combined with OFDM as illustrated by figure 13, transmitted power generally has to be increased by almost 5 dB compared to QPSK or 9 dB when compared to BPSK. This scheme seems to behave more like QPSK than BPSK. Both Hamming and
Convolutional coding do not seem to obtain any significant gain from interleaving, yet interleaving appears to be quite beneficial to Golay coding. This is quite normal due to the fact that interleaving greatly affects a code with a larger codeword length (23 compared to 7 for
Hamming and 3 for Convolutional) and this effect is further exploited when a larger symbol size is used. In general, Convolutional coding shows a superior performance in comparison to the rest of the codes but the efficiency of all the applied codes is quite clear if the uncoded case is taken into account. Thus, it is apparent that the difference in performance among the codes is reduced in 16-QAM. As a general comment on interleaving, it can be seen that, in spite of the fact that there is no impulsive noise model specifically used for the simulation, interleaving can be beneficial against narrowband interference and corruption of multiple bits caused by fading. As the simulation passes from OFDM to MC-CDMA using a higher spreading factor each time interleaving gradually begins to add up to all of the codes, since the combining that takes place at the receiver uses multiple subcarriers, i.e. multiple neighboring bits to decide about only one.
Thus, interleaving now affects a greater number of data bits, a fact which boosts Hamming and even Convolutional coding (in the case of spreading length 16). On the other hand, the application of frequency spreading turns out to be highly advantageous for Golay coding, in general. Its performance is now much closer to convolutional coding so it is expected that interleaving will not be able to offer any more significant help.
V. CONCLUSION
This paper examines the BER performance of a coded OFDM and two coded MC-CDMA systems over the powerline in-house network. BPSK, QPSK and 16-QAM have been examined, combined with Hamming, Cyclic Golay, Convolutional and Turbo codes.
Interleaving is also evaluated as a means to improve this performance. Multiple-user scenarios have been investigated for the MC-CDMA scheme.
The single-user MC-CDMA scheme with 16 subcarriers and 32 primary carriers is the most efficient of the presented systems, with regard to the BER performance. Nevertheless, there is a significant tradeoff between BER performance and throughput efficiency. As the number of users increases to attain the OFDM throughput, this advantage diminishes. As a final remark on the simulations, Turbo coding was by far the most advantageous technique. Yet, this efficiency comes at an enormous cost of complexity, especially when the number of iterations increases.
Finally, the overall conclusion coming out of this comparison is that Power Line
Communications can profit from the application of the presented techniques. 
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